Motivated by the desire for a more flexible and general solar radiation calculation in the NCAR community climate model (CCM), the &Eddington approximation has been employed in the CCM version 2 (CCM2). Eighteen spectral intervals span the solar spectrum from 0.2 to 5.0/am. Absorption parameterizations for H20, 03, CO2, and 02 were developed by making use of the latest theoretical calculations. Water droplet scattering and absorption are parameterized as shown by Slingo (1989). An accurate and efficient convolution of the H20 vapor spectrum with water droplet clouds is presented that yields good agreement with available line-by-line (LBL) calculations for single-layer clouds. A simple and efficient method to simulate partial cloud cover and cloud overlap is included. The simulated albedo-solar zenith angle dependence agrees very well with adding/doubling scattering calculations. The CCM2 &Eddington method will make possible many interesting applications of CCM2 in the years to come. There is a need to move to a two-stream-type solar radiation code for CCM2 (version 2). The highly parameterized method used in CCM0 and CCM1 makes generalization difficult. For community models such as the NCAR CCM a more general scheme is desired. For CCM2 the &Eddington approximation of Joseph et al. [ 1976] and also Coakley et al. [1983] has been chosen. This approximation has been shown to simulate quite well the effects of multiple scattering. The application of this approximation in the solar radiation calculation of the NCAR CCM will be termed CCM2 &Ed-dington. A brief description follows.
INTRODUCTION
Several schemes have been employed in general circulation models (GCMs) to give a reasonably accurate and efficient calculation of solar radiation [Stephens, 1984] . These schemes, in general, fall into two classes: (1) There is a need to move to a two-stream-type solar radiation code for CCM2 (version 2). The highly parameterized method used in CCM0 and CCM1 makes generalization difficult. For community models such as the NCAR CCM a more general scheme is desired. For CCM2 the &Eddington approximation of Joseph et al. [ 1976] and also Coakley et al. [1983] has been chosen. This approximation has been shown to simulate quite well the effects of multiple scattering. The application of this approximation in the solar radiation calculation of the NCAR CCM will be termed CCM2 &Ed-dington. A brief description follows.
The solar spectrum is divided into 18 discrete spectral intervals (seven for 03, one for the visible, seven for H20, and three for CO2). The CCM2 model atmosphere consists of a discrete vertical set of horizontally homogeneous layers within which radiative heating rates are to be specified. Each of these layers is considered to be a homogeneous combination of several radiatively active constituents. Solar irradiance as well as surface reflectivity for direct and diffuse radiation in each spectral interval are specified, as well as the cosine of the solar zenith angle.
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0148-0227/92/92JD-00291 $05.00 the &Eddington solution for the reflectivity and transmissivity for each layer in the vertical. The layers are then combined together, which allows evaluation of upward and downward spectral fluxes at each interface boundary between layers. This procedure is repeated for all spectral intervals to accumulate broadband fluxes, from which the heating rate can be evaluated from flux differences across each layer. While the &Eddington method employed for CCM2 is well known, considerable effort was required to specify the radiative properties of important absorbers and scatterers, particularly clouds. The bulk of this paper involves presenting representations of absorption and scattering properties and in validating those representations. There follows a discussion of implementation in CCM2.
CCM2 &Eddington presented in this paper is able to accurately compute absorbed solar radiation when compared to available reference calculations and observations. By employing the parameterization of Slingo [1989] , cloud radiative properties are explicitly related to the cloud droplet properties (liquid water path and effective radius). A very fast and accurate method is employed to simulate multiple cloud scattering and absorption. Aerosols are not presently included, but their addition is straightforward once their spatial distribution and optical properties are prescribed. Stratospheric heating rates are accurately treated, including minor contributions due to H20 and CO2, allowing applications of CCM2 with a full stratosphere. Use of monochromatic intervals allows easy addition of absorbers and scatters as well as applications that require spectral fluxes, such as photon flux estimates (required for chemical reaction rates) and surface spectral fluxes (required for detailed surface process models).
The details of the &Eddington approximation for CCM2 are given in Appendix A. Appendix B gives the surface albedo prescription for CCM2.
CCM2 (%EDDINGTON SPECTRAL INTERVALS
AND ABSORPTION/SCATTERING DATA CCM2 &Eddington approximation allows for gaseous absorption by 03, CO2, 02, and H20. Molecular scattering and cloud water droplet scattering/absorption are included. On the basis of 03 and H20 absorption the solar spectrum can be roughly divided into three parts: ultraviolet (03), visible, and near-infrared (H20). In the following, the gaseous absorbers are treated first, since these determine the precise spectral intervals. Afterward, both molecular scattering and cloud scattering/absorption are treated. Kday -] Figure 5 shows a comparison between the CCM2 &Eddington molecular spectral albedos and the reference calculations, was the single scattering albedo co = 0.999999 (co < 1 was necessary, see Appendix A), the asymmetry parameter 9 = 0 and the forward scattered fraction f = 0.1 (the latter value results from direct evaluation using the Rayleigh scattering phase function); the agreement is very good, although the ultraviolet albedos tend to be slightly low. Table l a where Pt is the cloud liquid water density, z the geometric height, and a, .-. , f are constant coefficients for four spectral ranges: (0.25-0.69/xm, 0.69-1.19/xm, 1.19-2.38/xm, and 2.38-4.00 /xm). The forward scattering fraction of the cloud droplets is assumed to be 9 2, following Joseph et al. [1976] . Since water vapor absorption generally increases from 0.70 to 5.00/xm, the increasing k values (see Table lb) can be approximately treated as an ordering in increasing wavelength; this allows a mapping of the droplet spectral properties onto the H20 vapor pseudointervals from 0.70 to 5.0 /xm (see Table lb Despite the simplicity of this assumption for simulating partial cloud cover and cloud overlap effects, the resulting heating rate in a cloudy atmosphere would seem to be better represented than they were for CCM1. Figure 10 shows a comparison among CCM 1, CCM2 &Eddington, and a reference adding/doubling model, for an actual vertical cloud distribution from a preliminary version of CCM2. CCM1 computed a mean heating rate below cloud top, while CCM2 &Eddington and the reference calculation concentrate the heating where the cloud layers are; it would appear that CCM2 &Eddington gives a more realistic vertical heating profile. doubling calculations use the same absorption/scattering properties for the constituents and the surface: only the multiple scattering calculations differ from CCM2 &Edding-ton approximation. Figure 11 shows the comparison of clear-sky top-ofatmosphere albedo versus zenith angle over four different surfaces typically encountered in CCM2. The agreement between CCM2 &Eddington and adding/doubling albedos is very good, except for high zenith angles over an ocean surface, for which some bias appears in the CCM2 &Edding-ton calculations. In any case, with the exception of the high solar zenith angle case over an ocean surface, the agreement between CCM2 &Eddington and the reference calculations (<0.01) is better than the uncertainty in surface albedos [see Briegleb et al., 1986] . Figure 12 shows a corresponding compareion with a single low level cloud deck over tropical ocean. Again, the agreement is very good except for rvis = 1 and for high solar zenith angles. Since the &Eddington only approximates the details of multiple scattering, it is not surprising that the comparisons with the reference adding/ doubling calculations improve as the cloud layer thickens; the radiation field within an optically thick cloud is nearly diffuse, a condition for which the &Eddington approximation is very good.
SUMMARY
A &Eddington approximation for CCM2 has been presented. Spectral data were chosen to give good agreement with reference calculations. Accurate and simple methods of incorporating cloud radiative effects were developed and implemented. A simple diagnostic clear-sky calculation was included for specialized studies.
CCM2 &Eddington solar radiation scheme is a general and flexible method which should allow for many interesting applications of CCM in the next decade.
APPENDIX A' DETAILS OF •-EDDINGTON APPROXIMATION
This presentation follows that of Joseph [1976] and Coakley [ 1983] .
The CCM2 model atmosphere is divided into a number of layers (plev) plus 1 in the vertical (see Figure 13) ; an extra top layer (beyond the plev layers specified by CCM2) is added. This extra layer prevents excessive heating in the CCM2 top layer when the top pressure is not very low; also, as CCM2 does not specify absorber properties above its top layer, the optical properties of the CCM2 top layer must be used for the extra layer. Layers are assumed to be horizontally and vertically homogeneous for each model grid point where R(/xo), T(/x o) are the layer reflectivity and transmissivity to direct radiation, respectively, and R, T are the layer reflectivity and transmissivity to diffuse radiation, respectively. It should be noted that in some cases of small but nonzero 6o the diffuse reflectivity can be negative. For these cases, R is set to 0, which produces negligible impact on fluxes and the heating rate.
To combine layers, it is assumed that radiation once scattered is diffuse and isotropic (including from the surface). For an arbitrary layer 1 (with radiative properties R Experiment, the surface albedos of Briegleb et al. [1986] were increased slightly, while the original 1 ø x 1 ø vegetation data set was also modified in desert regions to distinguish sandy (bright) from mountainous (darker) deserts. The final 1 ø x 1 ø spectral albedos were then spatially averaged to the CCM Gaussian grid. Only two spectral bands are presently considered for the surface albedo (0.2-0.7 /•m and 0.7-5.0 /•m). The spectral albedos were segregated into two groups depending on the strength of the zenith angle dependence (see Table 1 where $ is the liquid water equivalent snow depth and R is aerodynamic roughness of .the surface (minimum value is 0.25 m). Using the fraction of horizontal snow cover, the total grid box spectral albedos are computed.
